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Thermodynamic Parameters for Transfer of Resorcinol 
Monoethers from Water to Heptane and 
to Propylene Carbonate 
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Partition coefficients have been measured over a range of temperature for 
transfer of a series of resorcinol monoethers from water to heptane and to 
propylene carbonate (all solvents mutually saturated). These data have been 
used to evaluate AG,,,, AH,,, and AStrs. Further analysis allows assignment 
of AG,,,, AH,, and AS,,, values for transfer of a lipophilic group (CH,) and 
the 'parent' structure between the selected solvents. Transfer of a CH, 
group is shown to be accompanied by a zero enthalpy change, whereas 
transfer of the parent structure results in AH,,, values dependent upon the 
non-aqueous solvent involved. These data are discussed in terms of 
partitioning and the use of a suitable bulk solvent to represent a biological 
lipid phase. 
Recent publications from this lab~ratoryl-~ have been concerned with the thermodynamic 
parameters for the partitioning of a series of m-alkoxyphenols between water, octan-1-01 
and water-octan-1-01 mutually saturated systems. In the results reported attention was 
drawn to the oscillations noted in values of A(AG)trs (the difference between successive 
values of AGtrs, the Gibbs energy of transfer, as the homologous series is ascended). 
Detailed discussion of both the values of AG, AH and A S  for solution in the individual 
solvents and the transfer between solvents indicated that the properties of water were 
the predominating iduence in determining the oscillations observed. The problem of 
the definition of satisfactory standard states to be used for such solution processes has 
been reviewed by Abraham,4 and as we noted previously2 the required standard-state 
parameters are those for the process gas + solution; this allows assessment of solute- 
solvent interactions free of solute-solute interaction. However, appropriate data are not 
easily accessible for, e.g., liquid + gas phase transitions. Dealing only with solution in 
water Abraham4 shows that AGs(g + aq) and AHs(g + aq) increments per methylene 
group are not constant but vary from one homologous series to another. Indeed, within 
some homologues, the alkanes and alkan-1 -ols, the methylene increment itself is not 
constant. Kinkel et aLs consider the use of the van't Hoff isochore to deduce values of 
AH,,, inappropriate when the solvent pair used for distribution studies have (i) high 
mutual solubility and (ii) various intermolecular and molecular states which are 
temperature sensitive. They suggest that the water-octan- 1-01 system suffers such 
limitations. We have, however, recently shown', that the van't Hoff determined 
enthalpies of transfer of resorcinol monoethers from water to octan-1-01 and between 
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the mutually saturated solvents agree, within experimental error, with the values 
determined by direct microcalorimetry. 
The oscillation observed in values of AGtrs provoked interest in other solvent systems 
which satisfy Kinkel's criteria5 and which place great strain on the use of van't Hoff 
operators. Heptane would be satisfactory, under the tests adopted by Kinkel et aZ.5, as 
the lipoid phase in transfer experiments, whereas propylene carbonate, which has been 
recommended* as a featureless solvent for transfer studies, would not because mutual 
solubilities with water are 14% w/w in water and 9.2% w/w in propylene carbonate at 
25 "C. 
To identify the existence of possible oscillations in A(AG,,,) for lipoid solvent 
systems other than octan-1-01 and to permit comparison of systematic data for transfer 
processes we have therefore measured partition coefficients, K,, for distribution of the 
same series of resorcinol monoethers in water-heptane and water-propylene carbonate 
systems. 
Moreover, the existence of such extensive data for transfer of an homologous series 
of compounds from water to a variety of lipoid solvents should permit a more 
fundamental theoretical evaluation of transfer thermodynamic parameters. The general 
approach to group contributions has been empirical,' but it would be useful to define 
group contributions more closely since such data may shed light on the significance of 
the solvent (as distinct from the solute) in transfer studies. Cratin8 has indicated the 
basis of such an approach, but the argument proposed has never been fully developed 
and put to the test by experiment. 
Materials and Methods 
Materials 
The methoxy and ethoxy derivatives of resorcinol were purchased from Eastman Kodak 
Co. Ltd and were repeatedly distilled under vacuum before assay. The other resorcinol 
monoalkyl ethers were prepared as described previously. Aldrich specially pure 
propylene carbonate was used throughout. Heptane (Fisons) was shaken several times 
with concentrated sulphuric acid to eliminate impurities (notably olefinic compounds), 
washed with sodium bicarbonate solution and water, left to dry overnight on anhydrous 
sodium sulphate and distilled. 
Methods 
The concentration of propylene carbonate in water was determined by U.V. spectro- 
photometry (A, = 230 nm) and a calibration curve constructed by measurements on 
solutions of known concentrations. Measurements of each solution were repeated until 
two consecutive readings were obtained which differed by -= 0.5%. 
The amount of propylene carbonate present in water at saturation varies markedly9 
with temperature, from 14.23 at 298 K to 18.12 g per 100 g water at 310 K. 
The amount of water present in propylene carbonate at saturation also varies9 with 
temperature from 9.2 g at 293 K to 8.5 g per 100 g propylene carbonate at 313 K. 
Partition coefficients (KD = f ~ 0 1 ~ t e ] ~ ~ ~ ~ ~ ~ ~ / [ ~ 0 1 u t e ] ~ ~ ~ ~ ~  where solvent represents the 
appropriate non-aqueous solvent) were determined for each monoether over a range of 
concentrations at each of seven temperatures, 283, 288, 293, 298, 303, 308 and 313 K. 
A range of concentrations of each compound was made up in heptane to 
mol dm-3 for the c&, ethers). 
Solutions of 2 x mol dm-3 for the C,-C, ethers were made in propylene 
carbonate saturated with water. Measured volumes of such solutions, mixed with 
approximately equal volumes of distilled water and water saturated with the non-aqueous 
mol dm-3 for methyl and ethyl, to 6.5 x 
to 4 x 
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component in 25 cm3 stoppered flasks, were kept at the required temperature (& 0.1 K) 
for 24 h. The phases were then separated, and measured volumes of each phase diluted 
with the appropriate solvent for analysis. 
Solutions of all compounds in each of the solvent systems were used to construct 
calibration curves for spectrophotometric measurements of concentrations at 
A, = 273 nm on a Cary 1650 spectrophotometer. A change in the temperature of the 
solution had no effect upon the shape of the curves. 
Results and Discussion 
The mean values of the partition coefficients as a function of temperature for each 
compound are shown in table 1 for distribution of solute between water and heptane 
and in table 2 for distribution between water and propylene carbonate. 
The graphs of In (partition coefficient) us. l / T  are linear for the water-heptane system 
(table 3), but for the water-propylene carbonate system these same plots show slight 
curvature in the range 283-293 K (table 4), and the derived values of AH,,, were 
calculated over the range 298-3 13 K. 
Using the derived data for AG,,,, AH,,, and AStrs from these plots (tables 5 and 6) 
it is possible to test for compensation between A H  and AS. Plots of AH/AS for the 
water-heptane system are linear with an apparent compensation temperature 869 K ; this 
value is higher than that normally found for small-molecule systems in waterfo 
(250-320 K) and the 78 K obtained’, for transfer of these solutes between water and 
octan- 1-01. 
However, the analysis of Krug et al.11-14 suggests that a better test for correlation is 
a plot in the AG/AH plane. Plots of the data in tables 3 and 4 again show good linearity, 
and hence it can be assumed that these values are a consequence of systematic chemical 
effects i.e. a systematic correlation between structure and partitioning behaviour. 
However, partitioning systems where there is high mutual solubility between the 
solvents do not alwayslO exhibit linear compensation when A H  is determined from van’t 
Hoff plots. For example, Rogers and Wong15 presented data for the distribution of 
phenols between 0.15 mol dm-3 aqueous NaCl and octan-1-01, which revealed excellent 
correlation between A H  and AS (correlation coefficient 0.942), but when the correct 
AHThm-AGThrn plane was tested no linear relationship was found (correlation coefficient 
0.402; where Thm represents the harmonic mean of the experimental temperature 
range). 
A more fundamental analysis of such partitioning data as those in the tables may be 
achieved by following Cratin’s development,* which commences with 
(1) 
pi(T,P,x) =@(T,P)+RTln K+RTln C, (2) 
pi( T, P, x) = j@( T, P) + RT In Xi 
an expression which may be used to define an ideal solutionl6 and leads to 
where the pi represent chemical potentials, Xi is the mole fraction of component i, K is 
the molar volume of the solvent and Ci is the molar concentration of component i. We 
assume that the total chemical potential is given by the sum of the contributions of n 
‘lipophilic’ groups, i.e. npL, and a ‘hydrophilic’ group,pH, so that for the aqueous 
phase 
and for the non-aqueous phase : 
0 0 0 p(w) = npL(w) +pH(w) 
0 0 0  
p(o)  = npL(o) +pH(o)* . 
(3) 
(4) 
This designation of n lipophilic groups permits, for an homologous series of solutes, the 
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Table 3. Values of the slope and correlation 
coefficient derived from plots of In KD us. 1 / T for 
the system water-heptane 
correlation 
phenol slope coefficient 
rn-methoxy - 2520 f 15 1 0.98 1 
rn-ethoxy - 2323 f 127 0.979 
rn-propoxy - 1925 f 60 0.996 
rn-butoxy - 1671 f 39 0.969 
rn-pentoxy - 1446 k 41 0.989 
Table 4. Values of the slope and correlation 
coefficient derived from plots of In KD us. 1 / T for 
the system water-propylene carbonate 
correlation 
phenol slope coefficient 
rn-methoxy 2794 f 42 0.997 
rn-ethoxy 2814 f 45 0.998 
rn-propoxy 2880 & 40 0.992 
rn-butoxy 2812f47 0.995 
rn-pentoxy 2789 f 42 0.982 
Table 5. Values of the derived thermodynamic parameters, AH,,,, 
AGtrs, AS,,, and A(AG)t,s for the transfer of phenols from water 
to heptane at 298 K 
AH,, AGtm Astrs A(A@trs 
phenol /kJ mol-l /kJ mol-1 /J K-l mol-l /kJ mol-1 
- rn-methoxy 20.9 f 0.6 4.9 53.8 
rn-ethoxy 19.3 f 0.9 2.2 57.3 2.7 
rn-propoxy 16.0f0.5 -1.2 57.5 3.4 
rn-butoxy 13.9k0.5 -4.5 61.6 3.3 
rn-pentoxy 12.0 f 0.4 - 7.1 64.2 2.6 
Table 6. Values of the derived thermodynamic parameters, AH,,,, 
AG,,,, AS,,,, and A(Aqt,, for the transfer of phenols from water 
to propylene carbonate at 298 K 
- m-methoxy 23.2 & 0.3 7.9 51.0 
rn-propoxy 23.9 & 0.4 10.3 45.7 1.5 
rn-pentoxy 23.2 f 0.3 12.2 36.9 0.7 
rn-ethoxy 23.4f0.4 8.8 48.9 0.9 
m-butoxy 23.4k0.4 11.5 39.7 1.2 
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Table 7. Values of -A& and -A& derived 
from plots described by eqn (5) in kJ mol-l a 
283.15 3.09 
0.8 1 
288.15 3.15 
1.01 
2.83 
293.15 3.09 
1.12 
2.90 
298.15 3.07 
1.1 1 
2.96 
303.15 3.16 
1.1 1 
3.03 
308.15 3.32 
1.17 
3.09 
313.15 3.10 
1.13 
- 4.08 
11.28 
- 3.95 
11.06 
9.78 
10.72 
9.76 
- 2.92 
10.69 
9.75 
-2.68 
10.57 
9.78 
10.26 
9.82 
10.07 
- 3.25 
- 2.88 
- 1.79 
h 
Pc 
h 
Pc 
h 
pc 
h 
pc 
h 
Pc 
h 
Pc 
h 
Pc 
0 
0 
0 
0 
0 
a Values relate to solute transfer from water to 
described non-aqueous solvent : pc, water-satu- 
rated propylene carbonate; 0, water-saturated 
octan- 1-01; h, water-saturated heptane. 
assignment of pH as the contribution to the overall chemical potential from the ‘parent’ 
structure. For the resorcinol ethers this would correspond to (I). 
0 
The n lipophilic groups would then correspond to incremental methylene groups as 
At equilibrium in the partition process and hence, upon substitution for 
the homologous series is ascended; e.g. rn-butoxyphenol has n = 4. 
these terms, rearranging, collecting terms and introducing K,, we obtain 
= 
where A p e  = pf$ -pf$), i.e. transfer of solute from water to the non-aqueous phase. 
In Cratin’ss development, and as employed by Hansch and co-w~rkers~~ and
Tomlinson,lS an equation similar to eqn ( 5 )  was derived except that the pi was separated 
into pL and npH contributions, i.e. the reverse of that considered here. 
From eqn ( 5 )  a plot of In K,-VS. n should yield a straight line of slope -Apz)/RT 
and intercept ( - Apg/RT)  + (In Yw)/ qo,). These values, derived for transfer of resorcinol 
monoethers from water to heptane, propylene carbonate and octanol (all saturated with 
water) as a function of temperature, are shown in table 7. Not surprisingly the values 
Pu
bl
ish
ed
 o
n 
01
 Ja
nu
ar
y 
19
86
. D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 E
ST
A
D
U
A
L 
D
E 
CA
M
PI
N
A
S 
on
 2
5/
06
/2
01
5 
17
:4
9:
52
. 
View Article Online
Transfer Thermodynamics of Resorcinol Monoethers 2869 
Table 8. Derived values for AH,,, (kJ mol-I) for the parent structure from plots of 
(Apff/RT) us. 1/T and from extrapolation of microcalorimetric data to n = 0 
parent compound transfer process AHt,,(calculated) AH,,,(extrapola ted) 
w + h C' = 0.9591 
w PC CC' = 0.9959 
I = 4.312 
w + o C C ~  =0.9961 
I = -3.947 
I = -8.23 
23.5 
- 22.1 
- 9.2 
23.4 
- 23.4 
- 8.4 
a Correlation coefficient. 
for ApF for transfer to heptane and octanol are ca. - 3 kJ mol-l, a value for the 
methylene group Gibbs energy of transfer increment which has been found1@ for several 
differing types of solutes and differing non-aqueous solvents. This ' average' value 
smooths the apparent oscillation in ApF noted previously1* for these solutes on transfer 
to water-saturated octan- 1-01. The value for transfer to propylene carbonate is, however, 
rather less negative (ca. - 1.1 kJ mol-l) and is a reflection of the considerable water 
content of propylene carbonate at saturation; thus the transfer is less favoured. The 
values of A&, i.e. transfer of the parent structure, are similar (ca. - 10 kJ mol-l) for 
both octan-1-01 and propylene carbonate. This is no doubt a consequence for this 
' hydrophilic' structure of the presence of water in significant quantities in both octanol 
(ca. 2.22 mol dm-3 at 298 K) and in propylene carbonate (16 mol drn+ at 298 K), 
whereas the value for transfer of this hydrophilic group from water to essentially 
anhydrous heptane is rather unfavourable, A& = 2.92 kJ mol-l at 298.15 K. 
The data presented in table 7, by plots of ( A p g ) / R T  vs. 1/T, permit the derivation 
of the enthalpy of transfer of the parent structures from water to the stated solvent. 
These data are displayed in table 8 together with the values for this transfer process 
deduced from extrapolation of the microcalorimetrically determined enthalpies of 
transfer vs. n to n = 0. This procedure is not possible with the A&' data since, 
interestingly, these data do not vary significantly with temperature, a feature which 
presumably reflects the similarity between the lipophilic portion of the molecule which 
is transferred and the selected non-aqueous solvents. It is also an implication that, as 
the process is close to thermoneutrality, the transfer is entropically driven. The values 
of AH,,, recorded for all three solvents systems either (i) rapidly become asymptotic1. 
(e.g. octan-1-01) or (ii) are constant throughout the homologous series. These data 
support the near-thermoneutral nature of the transfer of the CH, group from water to 
the non-aqueous solvents used in this study. Such a deduction is also implied in the 
limited data published by Lissi20 for partitioning of alkan-1-01s between n-heptane and 
water. 
The dependence of AH,,, upon T is significant in the case of water - octan-1-01 
transfers since plots of In KD vs. 1 / T for the individual members of the homologous series 
are all curved2 Calorimetrically determined values of AH,,, are, however, as yet only 
available for this system at 303 K. The agreement between the calculated and extrapo- 
lated experimental data is, however, satisfactory. For transfer of these same individual 
solutes from water to both heptane and propylene carbonate the plots of In KD vs. 1/T 
are linear. There appears, therefore, to be only a small if any, dependence of AH,,, upon 
T, a feature revealed by the close correspondence between calculated and expenmental 
values for AH,,, for these two systems. 
The collected thermodynamic data for transfer of the parent structure from water to 
the described solvent are displayed in table 9. 
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Table 9. Thermodynamic data for transfer of the parent structure 
and for CH, group from water to the stated solvent at 
298.15 K 
solvent AH/kJ mol-l AG/kJ mol-1 AS/J mol-l K-l 
heptane 
prop ylene 
octan-1-01 
carbonate 
heptane 
prop ylene 
carbonate 
octan- l-ol 
parent structure 
23.5 2.92 69.0 
- 22.1 - 10.69 - 38.3 
-9.2 -9.75 1.8 
ca. 0 - 3.07 13.3 
ca. 0 - 1 . 1 1  3.7 
CH2 
ca. 0 - 2.96 9.9 
The data illustrate that for transfer of the parent structure to heptane the unfavourable 
Gibbs energy is largely a result of a large endothermic enthalpy of transfer which 
dominates the favourable entropy change. For propylene carbonate, which contains ca. 
9% water at saturation the favourable enthalpy term now outweighs the unfavourable 
entropy change. The situation for transfer to octan- l-ol is that the very small unfavourable 
entropy change is more than compensated for by the large favourable enthalpy change. 
For transfer of methylene groups the data indicate an almost zero enthalpy change and 
hence the small but favourable entropy changes are the driving forces for these processes. 
These contributions from parent structure (hydrophilic portion) and lipophilic 
portion (in this case CH, group increment) allow the establishment of a system of 
fundamental group Gibbs energy contributions for transfer between water and a given 
non-aqueous solvent which could be used to evaluate KD for new structures and which 
could be used in QSAR studies (quantitative structure activity relati~nshipsl~). These 
contributions have a firmer fundamental basis than do the assumed regular increments 
of Hansch and and the empirical Rekker fragmental constants.21 
P. L. 0. Volpe thanks Conselho Nacional de Desevolvimento Cientifico e Technologico 
(CNPq), Brazil for the award of a fellowship. 
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